Volumetric expanders are used for low to medium power output ORC applications. For low power output ORCs (< 10 kW), rotary vane expanders represent a suitable choice. Their isentropic efficiency is often reported as the most important or even the only metrics for comparison. Such approach however neglects the effect of leakages within the expander on the rest of the cycle, especially on the evaporator pressure. Filling factor of rotary vane expanders may be affected, among other leakages, by delayed closure of working chamber. This work describes a semi-empirical model with two different leakages -lumped leakage area between inlet and outlet and leakage between working chambers due to delayed contact of vane and stator. Primary purpose of the model is to demonstrate the effect of the delayed chamber closure. Results of the model for several case scenarios are presented, showing an impact of these leakages on an overall cycle performance, isentropic efficiency and filling factor. It is demonstrated that isentropic efficiency of the rotary vane expander might not be always sufficient to compare vane expanders or their modifications even within a same ORC.
Introduction
Low power applications are one of the directions in current energy research [1] . Particularly there is also a demand for units with power output of less than 10 kW. For these applications in a field of heat to electricity conversion, thermodynamic cycles based typically on an ORC are considered as the most perspective and therefore most of the research is focused on them.
A crucial component of the ORC is an expander, for given small power outputs typically realized by volumetric expansion machines [2] . Rotary vane expanders (RVE) could be a suitable option for simple and low cost ORCs because of their simple design and low manufacturing costs. On the other hand, they exhibit lower isentropic efficiency compared to other volumetric expanders due to leakages and higher friction losses [3] . Leakages have significant impact not only on isentropic efficiency of the expander but also on a whole cycle due to possible reduction of evaporator pressure. Volumetric performance of the expander is often expressed by a filling factor. Rotary vane expanders can suffer by vane chatter [4] . It means that the vanes are not in a permanent contact with the stator surface. This can affect a filling phase and cause leakages across the vanes between adjacent chambers. The effect can rapidly influence the filling factor and the volumetric ratio of the expander but the impact on isentropic efficiency and power output may be much smaller.
In this work we present a simple semi-empirical model of RVE with two different leakages -lumped leakage area between the inlet and the outlet and a leakage between working chambers due to delayed contact of a vane and the stator during the filling phase of the RVE. Primary purpose of the model is to demonstrate the effect of these two leakages and their strong impact on specific characteristics of the expander. Finally, several model results are presented including a case demonstrating the same ORC unit operating with two different expanders both with the same isentropic efficiency and having different power production. 
Nomenclature Subscripts

Leakages within a rotary vane expander
The problem of leaks within the rotary vane expander is very complex. Leakages are influenced by a variety of parameters such as pressure ratio, number, size and shape of the leakage paths, thermodynamic properties of a working fluid, proportion of lubricating oil in the working fluid, etc. The vane expander is a periodically working machine, so many of these parameters change during the working cycle. The flow through different leakage paths will therefore also change. In simple models of volumetric expanders, the leakage description is simplified. In the scroll expander model described by Lemort et al. [5] , all the leaks are replaced by one main flow area through which the working substance flows continuously. Although this is a significant simplification, Lemort et al. has shown that in terms of overall machine behavior the given description is sufficient (deviation of predicted and measured mass flow rate was several percent). Leakages within RVE can strongly affect not only expander characteristics but also cycle conditions. Equation (1) describes the evaporator energy balance. It is evident that in case of constant heat input and constant enthalpy of the working fluid entering the evaporator, the output enthalpy of the vapor from the evaporator is a function of the mass flow of the working fluid.
Thus, if there is no control valve between the evaporator and the expander, and if the heat input, superheat of the vapor entering the expander and the condensing pressure are kept constant, the pressure of vapor entering the expander is dependent on the mass flow rate through the expander. Assuming steady-periodic conditions, total mass flow rate through the expander can be defined as a sum of a theoretically displaced mass flow rate and a mass flow rate through the leaks (Eq. (2)).
Theoretically displaced mass flow rate (given by Eq. (3)) depends on the rotational speed, initial volume of a working chamber, number of chambers and on a specific volume of the vapor inside a working chamber after the chamber is closed.
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Mass flow rate through the leaks is usually modeled as a simple isentropic flow through a nozzle [5] . It depends mainly on a pressure difference across the nozzle and on a flow area. It follows from the above that the evaporation pressure can be highly influenced by the rotational speed of the expander and by the leakages.
RVEs are characterized by built-in volumetric ratio r v (see Eq. (4)). If they are working in a cycle with "offdesign" conditions (the expander outlet/inlet specific volume ratio differs from the built-in volumetric ratio), over or under-expansion occurs which results in thermodynamic losses and lower isentropic efficiency. Theoretically, the RVE with a high leakage rate can affect its inlet pressure in that way that the inlet pressure is much lower and the expander outlet/inlet specific volume ratio approaches the built in-volumetric ratio. This results into lower underexpansion losses. The isentropic efficiency (defined in Eq. (5)) of such expander can be therefore in some cases almost constant even if the leakage rate increases.
Therefore a volumetric performance of the RVE is better represented by a filling factor, which is defined in Eq. (6). It is a ratio between an actual and a theoretically displaced mass flow rate.
Total mass flow rate through the expander decreases with an inlet pressure drop. Thus, for a constant rotational speed and inlet vapor superheat, the filling factor increases with the leakage area inside the expander and decreases with the inlet pressure drop.
There are several leakage pathways in the RVE [6] which are shown in Fig. 1a . The most significant are:
 Clearance between the rotor and the stator in a sealing arc area  Clearance between the stator and the rotor faces  Around the tips of the vanes if there is a poor or even no contact between the vane tip and stator surface  Around the vane sides  Other negligible Yang et al. [7] reported that the sealing arc leakages are the most important even in their case of very small ratio of stator axial length to stator diameter. The second most important leakage was through a clearance between stator and rotor faces. However, the reported data may not be fully transferrable to RVEs with other geometry and working conditions. These two leakage pathways behave in a similar way as can be seen in Fig. 1a . Both leaks allow the working fluid to flow directly from the high to the low pressure area. Leakages around the vanes (and partially also leakages between the stator and rotor faces) allow the working fluid to flow from a chamber with high pressure to another chamber with low pressure. This affects the whole expansion process, so that the course of the pressure decrease within the working chamber may be different compared to the isentropic expansion.
Yang et al. [8] and originally Badr et al. [6] also experimentally showed that a problem with the loss of contact between the vane and stator surface can occur in a RVE. The probable reason is that the force resulting from a pressure difference above and below the vane is higher than centrifugal force acting on the vane, see Fig. 1b . When the centrifugal force acting on the vane is higher than the force from a pressure difference, the vane touches the stator surface and closes the chamber. This results in the vane chatter. Moreover, the vane can close the chamber much later. This phenomenon can of course negatively affect RVE characteristics. Delayed closure of the chamber from the working fluid supply results in a longer filling phase and larger initial volume of the working chamber V c,init . Thus the resulting effective volumetric ratio of the RVE can be significantly lower, which affects the under-expansion losses. Moreover, the mass flow rate displaced by the expander is significantly higher as well as the filling factor.
If vanes lose contact with the stator surface during expansion, excessive leakages between adjacent chambers can occur, which again affects the pressure decrease within the chamber. As a result of the leakages that affect the expansion process, more work per revolution can be done. However, the total mass flow rate through the expander will be also higher. If the inlet pressure of the vapor flowing into the expander remained constant, it would certainly mean lower isentropic efficiency. In case that the inlet pressure is coupled with the total mass flow rate through the expander, the isentropic efficiency may remain almost constant.
Model description
The aim of the model is to demonstrate the approximate behavior of the expander and its effect on the cycle if it is influenced not only by common leaks but also by loss of contact of the vanes with the stator during the filling phase. A coupled system of evaporator, expander and condenser was considered according to the Fig. 2 . For the evaporator a constant heat input of 50 kW was considered to be transferred to a working fluid -hexamethyldisiloxane (MM). The liquid MM enters the evaporator at constant temperature of 80 °C. The condenser keeps constant outlet pressure, here for condensing temperature of 80 °C it is 53.7 kPa. Vapor superheat at the expander inlet is kept also constant at 15 K above saturation, so the inlet pressure is dependent on the mass flow rate through the expander. These parameters were chosen according to an existing CHP unit based on an ORC at UCEEB CTU in Prague.
The expander model, schematically depicted in Fig. 2 between the evaporator and the condenser, is represented by two inlet pressure drops represented by flow area A 1 (inlet manifold) and A 2 (chamber inlet) -see Fig. 1b , by an ideal volumetric expander and by a bypass to account for the leakages represented by a flow area A leak . Following assumptions were taken. Main leakages (through the sealing arc and through the clearance between the stator and rotor faces) are for simplicity modeled together as an isentropic flow through a nozzle of the area A leak , which is sufficient given their nature and the purpose of this model. As was shown on the expander geometry in Fig. 1b , both leakages bypass the expander before chamber inlet pressure drop. Leakages around the rotor faces occur also after the flow passes chamber inlet (represented by A 2 , see Fig. 1b ) but the impact of the pressure drop at the chamber inlet to the mass flow rate through this leakage path is very low, as long as this pressure drop is small. Delayed closure of the chambers is also considered, which means higher initial chamber volume V c,init and thus lower effective volumetric ratio r v as the outlet volume of the chamber is always the same. Leakages during the expansion process (after a vane closes the working chamber) and other minor leakages are not considered. It is clear that the rotational speed of the expander has a great impact on the isotropic efficiency and the filling factor. However, the aim is to show only the effect of leaks, therefore the rotational speed is considered to be constant in the model.
The expander carries out an isentropic expansion to a pressure which is determined by the inlet pressure, inlet temperature and volumetric ratio of the expander. After that occurs an adiabatic expansion at constant chamber volume. Depending on a value of the pressure in the chamber after the isentropic expansion, under or over-expansion loss takes effect. Friction of vanes was not considered because it should be approximately constant when the rotational speed is constant. Additionally, it has practically no effect on the leakages or the volumetric ratio. All the input parameters for the expander model were chosen according to an existing RVE of own design that is used within the ORC at UCEEB CTU in Prague. In the model the mass flow rate through the inlet pressure drops is modelled as an isentropic flow through a constricted area. Total mass flow rate through the expander is given by Eq. (2) and (3). The expander power output is determined from isentropic expansion and contribution of under-or over-expansion. Similar model was described by Lemort et al. [5] . Modelling was performed for several cases where the leakage flow area A leak and expander effective volumetric ratio r v (which influences initial chamber volume V c,init ) were the input parameters for the model. As written above, these parameters simulated the leaks within the expander and the delayed contact of the vanes and the stator at the end of chamber filling.
The presented model deliberately does not include a model of friction of vanes and other mechanical losses, a model of outlet pressure drop and of other losses that may occur within a real rotary vane expander. These losses would unnecessarily complicate the problem of volumetric losses and make it difficult to understand the presented results.
Model results and discussion
Using the above mentioned assumptions and the mathematical model, the following results were obtained. Figure 3a shows the impact of the leakage area on the expander inlet pressure, isentropic efficiency, filling factor and power output, while volumetric ratio is kept constant at r v = 2.4. It means that the working chambers are closed properly. It can be seen that with an increasing leakage area A leak , the inlet pressure, the isentropic efficiency and the expander power output are decreasing. Of course, the filling factor is increasing. Another situation occurs if the leakage area is fixed at A leak = 35 mm 2 and the value of the volumetric ratio r v starts to decrease (see Fig.3b ). It means that in addition to common leaks, the expander exhibits a problem with a loss of contact between the vanes and the stator and the working chambers are closed later.
With decreasing volumetric ratio r v , the inlet pressure is decreasing and the filling factor is increasing again. The decrease in the expander power output is not too large at first and the curve of isentropic efficiency is surprisingly flat. This is because the under-expansion losses are decreasing, although the total mass flow rate through the expander and the filling factor are greater with lower r v . Note that if the leakage area A leak was lower, the curve of isentropic efficiency would begin to show a slightly declining trend.
Numerical results for several cases are summarized in Tab. 2. The first case corresponds to a properly working expander with no loss of contact between the vanes and the stator and with no leakages. The filling factor is lower than one because of the inlet pressure drop. Isentropic efficiency is affected by under-expansion losses because the built-in volumetric ratio of the expander is too low (the expander inlet pressure is too high respectively). In cases 2 and 3, the filling factor of the expander is the same although the higher mass flow rate and the lower expander inlet pressure are caused by different problems. In case 2, the expander is affected only by the delayed chamber closure, whereas in case 3, the expander is affected only by the larger leakage area A leak . It can be seen that the power output and the isentropic efficiency of the expander are quite different. It can be concluded that delayed closure of the working chambers can largely affect the filling factor and the inlet pressure but the effect on the expander power output is not as significant as in the case of large leaks. In case 4, the isentropic efficiency of the expander is the same as in case 3. However, due to the large leaks and the loss of contact between the vanes and the stator, the expander inlet pressure is greatly affected, which results in lower under-expansion losses. The overall performance of the expander is the lowest in the 4th case. Verifying the presented results using experimental data outweighs the scope of this article. For the basic idea, however, two measured experimental states from the experimental ORC unit with RVE will be briefly presented (see Tab. 3). In the first case (1 experimental ), the problem with loss of contact between the vanes and the stator was expected.
In the second case (2 experimental ), another type of vanes with higher weight was used. The weight of the vanes has a direct effect on the centrifugal force acting on the vanes, and it was expected that at the same rotational speed the working chambers were closed properly. The above-described model was furthermore complemented by some losses, such as mechanical losses of vanes and bearings, or pressure loss at the expander outlet. These losses primarily affect the predicted expander performance. The model was able to identify parameters of the volumetric ratio r v according to an assumption, that in the first case there is loss of contact of the vanes and stator. Due to the nature of the experiment, predicted leakage area A leak was expected to be the same in both cases. The resulting deviation is probably due to the fact that the model parameters identification is not fully correct or another minor loss is missing in the model. However, the effect of the deviation on the model result is relatively small. Filling factor is lower in the second case due to proper chamber closure; isentropic efficiency is lower due to increased friction of the vanes. If we did not take into account the loss of contact between the vanes and the stator in the first case, the leakage area A leak would increase to 56 mm 2 (to match the mass flow rate from the model and from Actual expander volumetric ratio
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Expander power output measurement) but the predicted expander output would be nearly 0,2 kW lower, which does not correspond to the measurement. A more detailed model of a RVE and more detailed comparison of model results with experimentally measured data are the subjects of future work.
Conclusion
We propose a modified semi-empirical model of a rotary vane expander used for ORC with two different leakages -lumped leakage area between inlet and outlet and leakage caused by a loss of contact between vanes and a stator during a filling phase. These leakages significantly affect the isentropic efficiency and the filling factor. In addition, if the expander is directly coupled to the evaporator with a constant heat input, they further affect the evaporator pressure and the inlet pressure to the expander respectively. The inlet pressure can be affected in a way, that the isentropic efficiency may be constant or exhibit only a small decrease with the increasing problem of the loss of contact between the vanes and the stator. Therefore, the isentropic efficiency may not be sufficient to compare rotary vane expanders, especially if the problem with delayed closure of chambers within a RVE cannot be excluded. Results from the model suggest, that a delayed closure of the working chambers can largely affect the filling factor and the inlet pressure but the effect on the expander power output or isentropic efficiency is not as significant as in the case of large leaks. Finally, two measured experimental states of RVE are briefly presented for the basic idea. The problem with both types of leaks within the measured RVE was expected. The model supplemented by some other losses (especially friction losses and outlet pressure loss) was able to predict a problem with delayed chamber closure according to the expectations.
